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Abstract 
Maintenance operations are particular important in continuous systems and even more so when they apply to the part 
considered the system’s bottleneck. Although complex support systems that help in decision-making decision therefore tend to 
be used, in industrial plants use of a simple indicator can facilitate management and help improve results. Concern for the 
environment and environmental legislation is meanwhile prompting a need to reduce CO2 emissions. Hence the proposal for the 
introduction of the CO2 emissions/Production ratio indicator. This paper will therefore both evaluate whether it is suitable as an 
indicator of system efficiency, with consideration for availability, stoppage time, average stoppage time and the duration of 
micro-stops, and also consider the ratio between monthly emissions and emissions on days with stops. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Universidad de Zaragoza, Dpto Ing Diseño y Fabricacion. 
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1. Introduction 
One of the aspects that matters most in industrial manufacturing is control of the production process. Although 
this involves the use of numerous systems that provide endless data, not all this data can be used to measure the 
efficiency of the manufacturing process. 
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Maintenance work is particularly important in this control, particularly in continuous processes, and even more 
so when these are focused in the system bottleneck (Lin and Ni (2009)); hence, in paper manufacturing, the drying 
process can be identified as a bottleneck. Complex support systems therefore tend to be used to assist decision-
making (Lin and Ni (2009)), although in the industrial plant, use of a single indicator can facilitate management 
and help to improve results. 
There is also a general awareness of greenhouse gas emissions and of their impact on the atmosphere and on the 
environment. Two emissions rights allocation schemes have therefore been devised since 2005 (Royal Decree 
5/2004; Royal Decree 1866/2004; Royal Decree 60/2005; Royal Decree 777/2006; Royal Decree 1370/2006) 
intended to raise industry’s awareness of the importance of controlling emissions generated in its processes and to 
force it to reduce the volume of these emissions. 
This third scheme (Law 13/2010), which begins in 2013 and will be valid until 2020, represents a further step 
and this time involves the obligation drastically to reduce or even to eliminate them through the imposition of a 
carbon tax. It has turned CO2 emissions into a significant cost in production processes with a high thermal energy 
consumption and this will definitely have considerable impact on the competitiveness of factories and may lead to 
the closure of more than one plant. 
Since the initial allocation scheme of 2005, which arose from the Kyoto Protocol, CO2 emissions have often 
been seen since as a result of the production process. Emissions only represent an administrative cost and are 
perceived more as a tax than as a possible tool with which to evaluate production process operation. 
1.1 Background 
The concept of sustainability has been associated with efficiency in production (Aguado et al., 2013), but not 
with maintenance. A review of information published on paper manufacturing and its drying process has notably 
yielded publications focused on determining the influence of the drying process on paper characteristics (Karlsson, 
2000; Hostetler et al., 2005), new systems for improving the efficiency of the process (Laurijssen et al., 2010; 
Martin et al., 2004), the influence of drying elements in the drying process (Barber, 2011) on design and sizing 
(Bauer et al., 1998) of this section. Numerous studies have been found on the energy aspect (Sivill et al., 2005; 
Zvolinschi et al., 2006) and analysis thereof for maximizing energy recovery (Laurijssen et al., 2010; Sivill and 
Ahtila, 2009), on reducing energy consumption (Austing, 2010) through control of the production process and the 
energy efficiency/productivity ratio (Virtanen et al., 2010). 
In the numerous references on TPM for improving production (Chand and Shirvani, 2000), no reference has 
been found to the use of environmental indicators or to CO2 emissions as an indicator to evaluate production 
efficiency and capacity. 
The CO2 emissions generated are affected significantly by the condition of the system’s thermal storage facility. 
Placing a limit on CO2 emissions represents a real limit to production. The importance of monitoring and 
controlling them is therefore clear. 
In most industrial production plants it is thought that CO2 emissions can only be reduced by replacing 
equipment with more modern and/or efficient units and by encouraging energy saving policies. Equipment, 
however, eventually deteriorates or fails to function according to the parameters for which it was designed and 
therefore installation efficiency may stray from nominal efficiency. 
1.2 Objectives 
This study aims is intended to demonstrate that the CO2 Emissions/Production indicator can be employed as a 
valid indicator for measuring the status of maintenance and fine-tuning of the machinery involved in the process. 
This indicator can be used as a tool to help determine the causes of decreases in production arising from 
inefficiencies and to establish the operating conditions with which to increase production capacity in the system 
bottleneck. 
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2. Methodology 
The methodology used is the case study. A paper manufacturing plant has been used as a reference and data on 
its bottleneck, the drying section, which is the section responsible for 100% of this plant’s CO2 emissions, have 
been taken. 
The data used in the study, collected at a suitable frequency and measured in accordance with applicable 
Spanish law (Royal Decree 1315/2005, Law 1/2005, Decision 2007/589/EC), are those relating to production, 
emissions, availability –measured according to Nakajima (1988), number of stops and a large number of variables 
associated with the drying section. These variables are analyzed statistically to determine the relationship among 
them and the indicator under consideration. 
The number of dryers, the evaporation capacity of the drying system and the need to produce paper with a 
controlled dryness condition the speed of the process, which determines the difference between the theoretical 
production capacity and the real production yielded. 
The indicator to be introduced, CO2 emissions (ton)/ paper production (ton), is obtained as a ratio of the CO2 
emissions established for each period and the tons of paper produced at the plant (sub-facility) in the same period. 
The proposed indicator (CO2 emissions (ton)/paper production (ton)) fulfils the following premises: 
1. Its generation is unambiguously defined. 
2. It can be reproduced and reviewed in the same facility over time. 
3. It can be reproduced at different facilities. 
4. It can be compared at different facilities and a product benchmark can be established. 
Calculation of CO2 emissions is based on the methodology outlined in the “Calculation of emissions and 
emission factors” section of the GHG Inventory Report (Ministry of the Environment, 2011) for the 
Implementation of the Emissions Trading Directive, reflected in equation (1). 
factorOxidationfactorEmissionactivityofDatatonemissionsCO )(2                                (1) 
Calculation of sub-facility output in order to establish the indicator in the periods of reference is based on 
ECOFIS methodological guidelines for the European Commission (2011, 2013). 
The study is based on data from 30 months in the period including 2009, 2010 and the first half of 2011, as this 
is considered a representative period of production in which there were neither changes in machine conditions nor 
alterations that changed their production capacity. 
Machine availability is defined as the percentage of time that the machine is useful for production. The time it is 
out of service or unavailable includes all downtime for corrective or preventive maintenance, from the moment it is 
out of service until it becomes operational or available for production again. 
Equation (2) shows the total time T, where Tt is the envisaged planned production time for the machine less the 
downtime or waiting time for causes not attributable to the production machine (tei), ts the set-up time and tp the 
production time. 
eipseif ttttTT                       (2) 
Tfs, meanwhile, is the time in which the machine is out of service and consists of time lost for maintenance 
and/or breakdown that affects plant availability and arises from the following: tac for breakdown or corrective 
maintenance of known origin, tad for breakdown or corrective maintenance of unknown origin, tam for micro-stops, 
tmp for preventive maintenance, and tpp for production requirements, as expressed in equation (3). 
 
ppmpamadacfs tttttT                       (3) 
Lastly, availability is defined by the equation (4). 
t
fst
T
TT
tyAvailabili                                                          (4) 
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The machine adapts product quality continuously by varying working conditions, set-up times ts are considered 
losses of units produced and calculated with production reprocessed upon start-up of production after breakdown, 
stoppage or change of product. Waiting time (tei) is not taken into account because production planning is not 
evaluated. 
Operating and stop times have been collected from daily production reports. All downtime (tac, tad, tam, tmp, tpp) 
has been brought together as one time Tfs (see equation (3)), as the particular contribution of each to the indicator 
under consideration is outside the scope of the study. 
Transitional start-up periods after a long stop for reasons not attributable to production, Christmas stops, patrons 
saints’ days, strikes and downtime due to absence of production planning on account of lack of orders have also 
been removed in this section. 
Because of high efficiency of the machine, downtime hours are quantified per month rather than per day, 
although availability is calculated on a daily basis using hours as a unit. 
3. The indicator “CO2 Emissions/Production” versus Availability, Downtime, Average Stop Time and 
Length of Short Stops 
To streamline analysis and interpretation of data, the indicator “CO2 Emissions/Production” is compared to each 
aspect by which it may be affected such as availability, downtime, average stop time, length of short stops, and the 
relation between the above indicator with consideration for CO2 emissions per monthly unit of production and CO2 
emissions per unit of production on days with stoppage. 
The variation of the indicator with regard to overall machine availability is considered first, regardless of 
productivity and quality. This information is initially analyzed by monthly averages to yield the results shown in 
Fig. 1. 
 
Fig. 1. Availability – CO2 emissions (ton)/Paper production (ton). 
 
Fig. 1 shows the relation between machine availability and CO2 emissions. It indicates that when there is higher 
monthly availability, the monthly average of the indicator is lower than in periods with low availability. Upon 
initial observation, machine downtime appears to be a source of CO2 emissions. Fig. 2, Downtime - CO2 
Emissions/Production, analyses variation of the indicator according to the number of hours of downtime. The more 
downtime hours there are, the higher the value of the indicator, which corroborates the information in Fig. 1. Hours 
of downtime may, however, be the result of a single long-term stop or of several short stops, an aspect that, like the 
origin of the stops, is not detailed in Fig. 2. 
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Fig. 2. Downtime – CO2 emissions (ton)/Paper production (ton).  
 
To analyze the information on the variation of the indicator (as a monthly average), the indicator “CO2 
emissions (ton)/Paper production (ton)” is analyzed first, with consideration for the global data for the month 
(production, availability and emissions) and the calculation is repeated for the same month with consideration only 
for the days of the month in which the availability was less than 1. This indicator is calculated again. 
 
Fig. 3. Comparison of monthly values and average values of days with downtime of CO2 emissions (ton)/Paper production (ton).  
 
Fig. 3 shows that in all cases, the mean of the indicator “CO2 Emissions/Paper Production” on days with an 
availability of less than one unit is higher than the general monthly average for this indicator. This confirms a 
priori that machine availability is related to the value of this indicator. Cyclical behaviour is also observed in 
emissions, which means in the future it will be necessary to consider external variables that influence the 
manufacturing of the paper, since months with higher emissions (months 1, 2, 3, 12, 14, 23, 24, 25 and 26) 
generally correspond to periods of lower temperature and higher humidity outside. 
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Fig. 4. Average stop duration – CO2 emissions (ton)/Production (ton).  
 
 
Fig. 4, “Average stop duration - CO2 Emissions/Paper Production”, analyses variation of the indicator with 
monthly hours of average stop duration. In this case a weak relation can be observed between the two concepts and 
thus it cannot be considered a conclusive value with which to predict the variation of the indicator. A slight but 
unsteady tendency for the indicator to increase is observed, as the duration of the stop grows longer. 
The process analyzed is continuous and displays great inertia to change. Variations in the main indicators are 
very slow and barely distinguishable in the production of a coil that lasts for approximately one hour. The thermal 
system has a long heating time and for this very reason is not affected by occasional variations such as micro-stops. 
This is evidenced by the study in Fig. 5, which features analysis of the variation of the indicator with micro-
stops of less than one hour, based on daily production reports from 2009 to 2011. Note how the inertia of the 
system makes the indicator insensitive to micro-stops and/or short stops of less than an hour. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Duration of short stops – CO2 emissions (ton)/Paper production (ton). 
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4. An Initial Adjustment of the Indicator “CO2 Emissions/Production” with regard to the Variables 
Considered 
Quantification of data for availability, downtime and mean duration versus monthly CO2 Emissions/Production 
(Ind_100) and CO2 Emissions/Production on days with stoppage (Ind_<100) is shown in Table 1 and in Fig. 6. 
Table 1 shows the model with the greatest adjustment, after calibration of twelve regression models for each 
variable. 
                  Table 1. Adjustment models.  
 Model Correlation R2 (%) 
Ind_100-Availability 
tyAvailabiliInd
75.054.0100_  0.6058 36.7 
Ind_100-Downtime DowntimeInd ·001.021.0100_  0.5251 27.57 
Ind_100-Mean duration 1/26.02.4100_ durationMeanInd  0.3100 9.61 
Ind_<100-Availability 1·3.765.11100_ tyAvailabiliInd  0.5251 27.57 
Ind_<100-Downtime 1/29.339.0100_ DowntimeInd  0.2485 6.17 
Ind_<100-Mean duration 1/17.006.4100_ durationMeanInd  0.1586 2.51 
 
Fig. 6. Indicator adjustment.  
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5. Conclusions 
A new indicator, CO2 Emissions/Production has been introduced in order to observe its relation with the 
variables of machine availability arising from maintenance. The result obtained indicates initially that this ratio can 
be useful in identifying variables with which to improve plant efficiency and sustainability, although this will 
require analysis of daily data. This study also shows that there may be other variables that may influence the 
indicator such as the quality of product manufactured and the weight of paper. Each quality manufactured has a 
different formulation both of raw materials and of added products, which may yield specific characteristics with 
regard to the ease of removing the water it contains and therefore a different initial CO2 emissions (ton)/paper 
production (ton) indicator level. 
Analysis of the process and study of the data therefore continues in order to determine which other process 
variables have an influence, which of these are the most significant, and which should be taken into account in 
future work. 
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